ABSTRACT The presence of mutual coupling usually causes space-time steering vector distortion for space-time adaptive processing (STAP) in airborne radar, thereby causing significant performance degradation. In this paper, a robust STAP approach was proposed against mutual coupling based on middle subarray clutter covariance matrix reconstruction. To address the space-time steering vector distortion caused by the mutual coupling, the training snapshots of middle subarray were obtained using the spatial-temporal selection matrix, and they were collected to compute the sample covariance matrix (SCM). Thus, the clutterplus-noise covariance matrix (CNCM) of middle subarray was reconstructed by utilizing the clutter Capon spectrum of middle subarray to integrate over the possible clutter spatial-temporal domain. Moreover, the target covariance matrix of middle subarray was calculated by employing the target Capon spectrum of middle subarray to integrate over the possible target region, and the space-time steering vector of the target was estimated with the eigenvector corresponding to its maximum eigenvalue. Finally, the proposed robust STAP weight vector of middle subarray was built. The proposed method is capable of simultaneously mitigating the mutual coupling, target components in the SCM, and target space-time steering vector mismatch. The simulation results verified the effectiveness of the proposed approach.
I. INTRODUCTION
Space-time adaptive processing (STAP) can suppress the clutter and achieve a great moving target detection performance. STAP used in airborne radar has aroused huge attention over the past several decades [1] , [2] . In general, the ideal STAP weight vector can be calculated with the information of clutter-plus-noise covariance matrix (CNCM) and target space-time steering vector. In practice, the CNCM is unknown and estimated by using the training samples/snapshots that are collected from its adjacent range cells [3] . Satisfied STAP processor can be obtained when the training samples are the independently and identically distributed (IID), and the target space-time steering vector
The associate editor coordinating the review of this manuscript and approving it for publication was Qinghua Guo.
is accurately known. However, the performance of the STAP degrades significantly when some training snapshots are contaminated by the target or target-like components (namely these have the similar position to the target in spatial-temporal plane) in non-homogeneous environment [4] , [5] or when the assumed target direction in spatial-temporal plane is mismatched with the real one. The former leads to the CNCM mismatch and the latter causes the target space-time steering vector mismatch. Moreover, the presence of mutual coupling in STAP destroys the structure of space-time steering vector and degrades the target detection performance of STAP.
To resolve the performance degradation caused by target steering vector mismatch and training sample contamination, numerous robust adaptive forming (RAB) approaches have been studied. These RAB approaches primarily fall into two types. The first RAB techniques try to cope with the target direction mismatch without covariance matrix reconstruction, including: diagonal loading (DL) and it variants techniques [6] - [9] , eigenspace-based beamformers [10] , norm-constrained Capon beamformers [11] , [12] , linearly constrained minimum variance (LCMV) beamformers [13] - [15] , worst-case-based (WCB) optimization beamformers [16] - [18] , magnitude response constrained beamformers [19] - [21] , steering vector estimation [22] , [23] and etc. [24] - [26] . Though these RAB approaches are robust against the target steering vector mismatch, their performance significantly degrades at high signal-to-noise ratio (SNR) because of the presence of target components in sample covariance matrix (SCM). In this case, the target is misinterpreted as interference, and it is therefore suppressed. The other types of RAB techniques aim to eliminate the signal component from the SCM by reconstructing the interferenceplus-noise covariance matrix (INCM), namely the covariance matrix reconstruction (CMR) method [27] - [31] . In [27] , the INCM is first reconstructed by employing the Capon spectrum integrated in a region isolated from the possible target direction. In [28] and [29] , the INCM is reconstructed by utilizing the spatial power spectrum sampling and the covariance matrix taper technique, which apparently reduced the computational load of previous interference reconstruction method of [27] . In [30] , the INCM is reconstructed by using the Capon spectrum to integrate over the surface of the annulus, which is robust against unknown arbitrary array structure mismatches. In [31] , the INCM is reconstructed by using the estimated accurate interference steering vectors that are obtained using the subspace method, which is robust against array model mismatches. Though the CMR methods can thoroughly eliminate the effect of target component in the SCM, their performance is dependent on the relative precise array structure information. Inspired by the reconstruction idea, a CNCM reconstruction method was exploited to eliminate the effect of target in the SCM and target direction mismatch in airborne STAP radar, which exhibits superior performance for target detection in homogeneous clutter environment [32] .
Nevertheless, the noted approaches cannot appropriately work when the mutual coupling is present since the ideal array structure is significantly destroyed by the mutual coupling error. Thus, the mutual coupling should be properly compensated to restore the performance degradation. The mutual coupling among array can be described by the mutual coupling matrix (MCM), of which each element represents the mutual coupling coefficient (MCC) of two array elements. Besides, the MCC of two array elements decreases with the increase in their distance and can be neglected when their distance is larger than few wavelengths. This suggests that the MCM for uniform linear array (ULA) is denoted as a banded Toeplitz mutual coupling matrix [33] . To mitigate the mutual coupling, various self-calibration methods were proposed [34] - [42] . In [34] , a generalized eigenvalue utilizing signal subspace eigenvectors was proposed to resolve the unknown mutual coupling in directionof-arrival (DOA) estimation. Afterwards in [35] , several subspace-based approaches for DOA estimation and tracking were proposed using the banded symmetric Toeplitz MCM structure and subspace criterion, which can estimate the DOAs and MCCs simultaneously. In [36] , an estimation approach of signal parameter using rotational invariance technique (ESPRIT)-like technique was developed for DOA estimation in multiple-input multiple-output (MIMO) radar with the mutual coupling. In [37] , an effective scheme for angle estimation and mutual coupling self-calibration was designed based on trilinear decomposition in bistatic MIMO radar. To address mutual coupling in adaptive beamforming, a middle-subarray-based (MSB) was developed by collecting several auxiliary elements from ULA [38] . However, the mutual coupling compensation is at the sacrifice of the array aperture, since only partial subarray is utilized. Inspired by [38] , the unknown mutual coupling was circumvented by using the output of the selected middle array and the covariance matrix of the middle array were reconstructed for rank restoration in [39] . In [40] , the distorted steering vector was corrected utilizing the banded symmetric Toeplitz structure of the MCM to process the mutual coupling and improve the beamforming performance. In [41] , a RAB method against mutual coupling was presented, in which the MCCs were estimated using the subspace method and employed to compensate the received signal. However, the MCCs are difficult to estimate in STAP radar. In [42] , a new technique was proposed to estimate the MCM of a planar array by using one pilot and utilizing one extra element. However, the structure of MCM is difficult to follow for STAP.
In practical STAP scenario, the array elements cannot be assumed to be equi-spaced, isotropic, point and they have some physical size leading to the mutual coupling problem between elements. The effect of mutual coupling on STAP algorithms was early discussed in [43] . It was illustrated in reference [44] that ignoring the mutual coupling effects between antenna elements can degrade the performance of the STAP algorithms. In [45] , the effect of mutual coupling on the performance of Global Position System (GPS) anti-jam (AJ) antennas is discussed. In STAP radar, the presence of mutual coupling destroys the structure of space-time steering vectors, thereby significantly degrading the performance of previous CNCM reconstruction method [32] . To resolve this problem, a robust STAP approach was proposed by reconstructing the CNCM of middle subarray and estimating the target middle subarray space-time steering vector. The major contributions of this study are summarized as follows:
(1) The signal model of STAP radar with mutual coupling was introduced, and the performance degradation of previous CNCM reconstruction method at the presence of mutual coupling was first studied.
(2) The CNCM of middle subarray was reconstructed to reduce the performance degradation caused by mutual coupling in the previous CNCM reconstruction method. To address the target direction uncertainty, the target covariance matrix of middle subarray was calculated, and its prime eigenvector was used to estimate the target middle subarray space-time steering vector.
(3) The proposed robust middle subarray STAP weight vector was obtained. Several simulation results were implemented to verify the superiority of the proposed approach.
The rest of the study is organized as follows. In Section 2, the STAP signal model with mutual coupling and problem formulation are presented. In Section 3, the proposed robust STAP approach is presented, including the CNCM of middle subarray reconstruction and target middle subarray space-time steering vector estimation. In Section 4, simulation results are implemented to verify the effectiveness of the proposed approach. In Section 5, some conclusions are drawn.
II. STAP SIGNAL MODEL WITH MUTUAL COUPLING AND PROBLEM FORMULATION A. STAP SIGNAL MODEL WITH MUTUAL COUPLING
For convenience, the side-looking airborne phased array radar consists of a uniform linear array (ULA) is considered. The ULA contains N elements separated by a half-wavelength inter-element spacing. K coherent pulses are collected at a constant pulse repetition frequency (PRF) during the coherent processing interval (CPI). Assume that the clutter echo for a range bin can be expressed as the superimposition of N c independent clutter patches uniformly distributed in the azimuth domain [1] . Thus, without regard for the range ambiguity, the received clutter plus noise space-time snapshot for a range bin is expressed as
where ξ i , f d,i and f s,i denote the random reflection amplitude, normalized Doppler frequency and normalized spatial frequency of the ith clutter patch, respectively; s f d,i , f s,i ∈ C NK ×1 is the corresponding space-time steering vector with
T being the spatial steering vector and temporal steering vector, respectively; n is the NK × 1 noise vector which follows zero-mean white complex Gaussian distribution and its covariance matrix is σ 2 I NK , where σ 2 is the noise power; I NK is the NK × NK identity matrix.
In practice, the received echoes of different elements interact with each other via mutual coupling. Thus, the ideal structure of space-time steering vector is distorted. In [44] , the STAP signal model with the mutual coupling effects is derived. It is observed that the major influence of mutual coupling in STAP is the spatial steering vector, and the effect of mutual coupling on temporal steering vector is neglected. Thus, when the mutual coupling is present in STAP radar, the structure of spatial steering vector can be modified by the MCM, while that of temporal steering vector remains unchanged. Given these, the received signal snapshot in (1) can be rewritten as
where
Obviously, the effect of mutual coupling between two elements is inversely related to their distance and can be neglected when their distance is larger than a few wavelengths. Here, the mutual coupling is considered negligible and can be ignored when the distance between two elements is larger than P inter-element spacing, which means that the MCCs can be approximated to zero. Thus, the MCM is modeled as a banded symmetric Toeplitz matrix, which is written as
where Toeplitz (t) denotes the symmetric Toeplitz matrix composed of the vector t; c
T is the non-zero MCC vector and the non-zero MCCs satisfy
vector with all the entries equal to zero.
This study assumed that the clutter scatters are statistically independent with each other. Thus, the theoretical ideal CNCM is calculated by
where E (·) denotes the expectation operator; (·) H is the conjugate transpose operator. Moreover, the theoretical CNCM in the presence of mutual coupling is written as
denotes the space-time steering vector which contains the effect of mutual coupling. Without loss of generality, in the light of the minimum variance distortionless response (MVDR) criterion, the optimal STAP weight vector is yielded as 
where L denotes the received snapshots/training sample number; and x l is the received snapshot of the lth range bin.
B. PROBLEM FORMULATION
In this subsection, we first review the review the previous CNCM reconstruction and steering vector estimation methods [32] . Then, we analyze that the presence of mutual coupling significantly degrades the performance of previous robust STAP method in detail.
In practice, some training samples are corrupted by the target component and this is reasonable in high-resolution radar system or in non-homogeneous environment where the target-like components are often included in the SCM. To eliminate the target components from the SCM, the CNCM is reconstructed by integrating the clutter Capon spectrum over a region separated from the possible target region, that is,
is the actual ideal space-time steering vector in the spatial-temporal plane based on the known array structure, where f d and f s are the normalized Doppler frequency and normalized spatial frequency, respectively,
∈¯ denotes the clutter Capon spectrum,¯ denotes possible clutter spatialtemporal region, where the possible normalized Doppler frequency and normalized spatial frequency locate. Here we denote be the possible spatial-temporal region of target. We assume and¯ are non-overlapped with each other, that is ∩¯ = ∅.
In addition, the presumed space-time steering vector of target is mismatched with the real one when the spatial frequency and Doppler frequency uncertainties are present. In this case, the presumed space-time steering vector of target should be corrected. Inspired by the idea of [31] and [32] , the target space-time steering vector is estimated by using the primary eigenvector of the target covariance matrixR s 0 , which is calculated bŷ
where However, when the mutual coupling is present, the clutter Capon spectrum and the target Capon spectrum are severely destroyed. Since the available information about the array structure is not changed. The actual space-time steering vector is s (f d , f s ) not varied when we calculate the Capon spectrum. Thus, the specific expression of Capon spectrum in the presence of mutual coupling is expressed as
H l is the actual SCM with mutual coupling withx l (l = 1, · · · , L) being the actual received snapshot with mutual coupling.
In the presence of mutual coupling, the CNCM is reconstructed aŝ
Likewise, the target covariance matrix in the presence of mutual coupling is calculated bŷ
It is observed from (11) that the clutter Capon spectrum with mutual couplingP Capon (f d , f s ) , (f d , f s ) ∈¯ cannot represent the real locations and power distributions of clutter in the spatial-temporal plane, respectively. The reconstructed R MC CNCM is inaccurate and causes the significant performance degradation. Furthermore, it is seen from (12) that the peak position of target Capon spectrum with mutual coupling
deviates from the real target location. The calculatedR MC s 0 is distorted by mutual coupling and leads to the inaccurate estimation of target space-time steering vector. Accordingly, through the above analysis of the previous robust STAP method at the presence of mutual coupling, we can apparently obtain the reason why the presence of mutual coupling severely degrades the performance of pervious robust STAP method. First, the ideal structure of space-time steering vector is destroyed by mutual coupling which directly affects the received snapshots, i.e., the signal model (2) . Second, the SCM with mutual couplingRx seriously distorts the Capon spectrum, that is, the clutter Capon spectrum is seriously spread and the peak position of target Capon spectrum is distorted. Finally, since the Capon spectrum is utilized in the previous robust STAP, so the presence of mutual coupling not only affects the previous CNCM reconstruction method but also destroys the previous estimation method of target space-time steering vector. Thus, it is important to compensate mutual coupling to improve the performance of STAP.
III. PROPOSED ROBUST STAP
In this section, the CNCM of middle subarray is first reconstructed to eliminate the effect of mutual coupling and remove the signal components from the SCM. Subsequently, the target covariance matrix of middle subarray is constructed, and its primary eigenvector is employed to estimate the target middle subarray space-time steering vector.
A. CNCM OF MIDDLE SUBARRAY RECONSTRUCTION
In [38] , the banded symmetric Toeplitz matrix structure of MCM has been utilized to resolve mutual coupling in RAB, which selects several auxiliary elements from ULA. Inspired by this method, we design the selection matrix to combat mutual coupling. Particularly, the spatial steering vector of middle subarray with N −2P+2 elements can be expressed as
where 
Thus, the received space-time snapshot of the middle N elements of ULA is given as 
wherex l (l = 1, · · · , L) denotes the space-time snapshots of middle subarray. The clutter Capon spectrum of middle subarray can be written as (17) and (18) that the mutual coupling is compensated by using the data of middle subarray, and the clutter Capon spectrum of middle subarray P Capon performs better than that with mutual couplingP Capon to represent the locations and power distributions of clutter in angle-Doppler plane. Accordingly, to remove the effect of target components from middle subarray SCMȒx, the CNCM of middle subarray is reconstructed by using the middle subarray clutter Capon spectrum to integrate over the possible clutter region, which is expressed as,
However, the integral in (19) is hard to solve because of its high computational complexity. In the following, the discrete summation is to be used to approximately calculate (19) . The normalized spatial frequency domain and normalized Doppler frequency domain are uniformly discretized into M s grids and M d grids, respectively. Subsequently, the entire angle-Doppler plane is separated into I = M s M d points, and the whole middle subarray space-time steering vector set is given by
Moreover, the middle subarray space-time steering vector subset of¯ is denoted as
Thus, the integral in (16) is approximately calculated by
B. TARGET MIDDLE SUBARRAY SPACE-TIME STEERING VECTOR ESTIMATION
The target Capon spectrum represents the power distribution of target in the possible spatial-temporal region of target. As illustrated earlier, the actual target Capon spectrum with
and cannot represent the actual power distribution of target.
To compensate the mutual coupling and obtain the accurate target direction, the target covariance matrix of middle subarray is constructed as
denotes the target Capon spectrum of middle subarray. Compared (12) with (23), the effect of mutual coupling is compensated inȒ s 0 and usesȒ s 0 can estimate the accurate estimation of target direction.
Similar to the processing of the CNCM of middle subarray in (19) , the middle subarray space-time steering vector subset of is written as
Thus, the integral of (23) is approximately calculated by using the discrete summation, that is,
Using the subspace property, it is found that the actual target space-time steering vector lies in the subspace spanned by the dominant eigenvectors ofȒ s 0 . Thus, the target space-time steering vector can be estimated with the prime eigenvector ofȒ s 0 . Subsequently, the target covariance matrix of middle subarrayȒ s 0 is eigenvalue-decomposed, and its maximum eigenvalue and corresponding eigenvector are expressed as γ 1 andμ 1 ∈ C N K ×1 , respectively. Given the norm constraint, the target middle subarray space-time steering vector is estimated bys
After obtaining the CPCM of middle subarrayȒ CNCM and target middle subarray space-time steering vectors 0 , the proposed robust middle subarray STAP weight vector is yielded asŵ (27) The main procedures of the proposed middle subarray CNCM reconstruction and middle subarray target space-time steering vector estimation based (MSB-ReconstructEstimate) robust STAP approach are summarized in Table 1 .
Remark 1: It is noteworthy that the proposed method is deduced on the condition that the constant g f s,i is nonzero. In practice, the constant g f s,i may be zero for some specific MCCs and normalized spatial frequencies (blind spatial frequencies), and the space-time steering vector with mutual couplings f d,i , f s,i is zero. This reveals that the ULA with such MCM cannot resolve signals from the blind spatial frequencies. How to solve this problem was not considered here, and we focused on the condition that g f s,i is nonzero for simplification.
Remark 2: The dimension of the proposed middle subarray STAP weight vector is N K × 1. This reveals that the mutual coupling mitigation by the proposed robust STAP method is at the sacrifice of array aperture, which causes small performance degradation. Nevertheless, the proposed method exhibits superior performance which will be demonstrated in the following.
The major computational load of the proposed approach includes the CNCM of middle subarray reconstruction (22) , target covariance matrix of middle subarray construction (25) and its eigenvalue-decomposition. Denote the number of middle subarray space-time steering vectors in subsets |¯ and | are I 1 and I 2 , respectively. Then, the computational loads of the mentioned three components are
tively. Thus, the computational load of the proposed approach
IV. SIMULATION RESULTS
In this section, several simulation experiments are implemented to assess the performance of the proposed method.
The main parameters of the STAP radar system are listed in Table 2 , and we also set P = 3, c = 1, 0. (17) and (26) is denoted as MSB-Estimate, and that obtained only using (22) is expressed as MSB- Reconstruct, traditional CNCM reconstruction and estimation method based on (11) and (12) is denoted by traditional CNCM-RE [32] , robust STAP based on (17) and diagonal loading sample matrix inverse (LSMI) is represented as MSB-LSMI [38] . The following comparison approaches were also employed: LSMI-MVDR, worst-case-based optimization (WCB) [16] , traditional CNCM-RE, MSB-LSMI, MSB-Estimate and MSB-Reconstruct methods. The diagonal loading factor is 10 for the LSMI-MVDR, MSB-LSMI and MSB-Estimate, respectively, and the parameter ε = 0.8 √ NK was set for worst-case optimization method. The number of discrete sampling points in |¯ and that in | are I 1 = 39856 and I 2 = 144, respectively. In all the simulation results, some training snapshots were corrupted by the desired signal.
First, the spatial-temporal beampatterns of different approaches were compared, as shown in Fig. 1 . The SNR was set as 15 dB, and the blue pentagrams represent the actual location of target f d,0 = −0.25, f s,0 = 0 in spatialtemporal plane. The optimal spatial-temporal beampattern is also presented, which is obtained by using the ideal true CNCM and the real target space-time steering vector. Fig. 1 suggests that the LSMI-MVDR, WCB and traditional CNCM-RE cannot fully suppress the clutter. As a matter of fact, the non-zero MCC vector c destroys the structure of space-time steering vector, and the actual received snapshots are therefore affected by the mutual coupling. In this case, the obtained SCM and Capon spectrum with mutual coupling causes the inaccurate estimation of the CNCM and mainlobe distortion. Moreover, the MSB-LSMI and MSB-Estimate were shown to be able to successfully suppress the clutter since the mutual coupling is compensated by the spatial-temporal selection matrix. However, the MSB-LSMI cannot form a distortionless response of the beampattern as it uses the imprecise target space-time steering vector, namely the presumed target space-time steering vector. In contrast, the MSB-Estimate can form an accurate direction toward the actual target location, suggesting that the target space-time steering vector is accurately estimated. Furthermore, the mainlobe of MSB-Reconstruct was distorted, while the proposed approachcan form a beam directing the real target location in the spatial-temporal plane, which verifies the effectiveness of the proposed method in estimating target space-time steering vector. Finally, it was found that the proposed approach shows almost the same spatial-temporal beampattern as the optimal one. This suggests that the proposed approach is able to simultaneously reduce the effect of the mutual coupling, target components and inaccurate target direction.
Second, the output SCNR performance of different approaches was compared. Since the dimension of the STAP weight vector for the middle subarray and for the whole array are different. The output SCNR of the whole array and the middle subarray are respectively defined as
SCNR out2 =ŵ
where R 0 andȒ 0 represent the actual target covariance matrix of the whole array and that of the middle subarray,ŵ is the estimated STAP weight vector of the whole array,ŵ H MSB is VOLUME 7, 2019 FIGURE 2. Output SCNR versus input SNR in the presence of mutual coupling.
the estimated middle subarray STAP weight vector, and R CNCM = FR CNCM F H is the theoretical ideal CNCM of the middle subarray. Fig. 2 plots the output SCNR curves versus the SNR in the presence of mutual coupling and target direction error. The training snapshot number is 600, and the optimal output SCNR curve is also presented as a benchmark. The optimal output SCNR is plotted by using the ideal true CNCM R CNCM and the real target space-time steering vector. All the output SCNR curves are obtained by 200 Monte Carlo trails. Fig. 2 suggests the performance of the LSMI-MVDR, WCB and Traditional CNCM-RE significantly degrades because of the effect of mutual coupling. After the mutual coupling is compensated by the spatial-temporal selection matrix, the performance of the MSB-LSMI is clearly improved. Besides, the MSB-Estimate exhibits the better performance than the MSB-LSMI since the MSB-Estimate is more robust against target direction error. However, the MSB-LSMI and MSB-Estimate are sensitive to the input SNR, and the output SCNR performance degrades when the input SNR is high. This is because the MSB-LSMI and MSB-Estimate misinterpret the target as interference and cause the target self-nulling. Moreover, it was obvious that the MSB-Reconstruct and the proposed approaches can obtain the near optimal SCNR curve, and the proposed method slightly outperforms the MSB-Reconstruct. The obvious performance improvement comes from the elimination of target components by using the CNCM of middle subarray reconstruction.
The output SCNR of different approaches under comparison versus the snapshot number is shown in Fig. 3 , where the input SNR is set at 10 dB. As expected, the proposed approach can achieve the superior output SCNR performance across a wide range of the training snapshots number.
Finally, the SCNR loss performance of different approaches was assessed. The SCNR loss of the whole array and the SCNR loss of the middle subarray are respectively Fig. 4 shows the SCNR loss of the tested approaches versus the normalized Doppler frequency in the presence of mutual coupling and target direction error. The SNR is 10 dB, and all the curves are obtained using 200 Monte Carlo trails. The optimal SCNR loss curve is also plotted, which is obtained using the real true CNCM and true target steering vector. As shown in Fig. 4 , the LSMI-MVDR, WCB and Traditional CNCM-RE methods cannot appropriately work in the presence of mutual coupling. Substantial SCNR loss improvement was obtained by MSB-LSMI, MSB-Estimate, MSB-Reconstruct and the proposed approaches due to the mitigation of mutual coupling. Furthermore, the SCNR loss curve of the proposed approach appeared to be the optimal one at high normalized Doppler frequencies. The performance of the proposed approach obviously degraded at low normalized Doppler frequencies, since some clutter information was removed when the target locates in the mainlobe clutter region.
V. CONCLUSIONS
In the present study, a robust STAP approach was proposed based on the middle subarray clutter covariance matrix reconstruction to compensate the mutual coupling without estimation of the MCCs. The proposed approach consists of the CNCM of middle subarray reconstruction and target middle subarray space-time steering vector estimation. According to the simulation results, the proposed approach exhibits a better spatial-temporal beampattern, superior output SCNR and SCNR loss compared with other methods in the presence of mutual coupling, target components in the SCM and target space-time steering vector mismatch. It is noteworthy that the superior performance of the proposed method is obtained at the cost of array aperture. Accordingly, how to efficiently mitigate the mutual coupling without sacrifice of array aperture needs further studies. In addition, we will employ the simulated data with multiple non-ideal factors and the real measured STAP data to further validate the performance of the proposed method or modified method so as to appropriate to the practical clutter environment.
